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1. INTRODUCTION

The coronavirus nucleoprotein (N protein) is one of the most abundantly expressed viral
proteins in an infected cell, with the principal function of binding the viral RNA genome
to form the ribonucleocapsid structure (RNP) and forming the viral core. N protein also
has roles in viral replication, transcription, and translation as well as modulating cellular
processes. We and others have shown that some coronavirus and arterivirus N proteins
can localize to a dynamic subnuclear structure called the nucleolus and interact with
nucleolar proteins.'” The nucleolus is involved in ribosome subunit biogenesis, RNA
processing, cell cycle control, and acts as a sensor for cell stress.* Morphologically the
nucleolus can be divided into an inner fibrillar center (FC), a middle dense fibrillar
component (DFC), and an outer granular component (GC). A directed proteomic analysis
followed by subsequent bioinformatic analysis revealed that the nucleolus is composed of
at least 400 proteins.

Coronavirus N proteins have the potential to be phosphorylated at multiple serine
residues. However, mass spectroscopic analysis of both the avian infectious bronchitis
virus (IBV)’ and porcine transmissible gastroenteritis virus (TGEV)® N proteins have
shown that phosphorylation occurs at only three or four residues. In the case of IBV N
protein, these map to predicted casein kinase II sites.” Based on amino acid sequence
comparisons, three conserved regions have been identified in the murine coronavirus,
mouse hepatitis virus (MHV) N protein.” In general, other coronavirus N proteins would
appear to follow this pattern.

We investigated the three-dimensional structure of the nucleolus and sub-nuclear
bodies within cells expressing IBV and severe acute respiratory syndrome coronavirus
(SARS-CoV) N protein. In many cases, viral proteins localize to discrete regions of the
nucleolus and their specific localization can inform as to what effect they may be having
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on the host cell. For example, proteins that localize to, and disrupt the GC, can affect
cellular transcription. Therefore, we use coronavirus N proteins as a model to test our
working hypothesis that disruption of nucleolar proteins and/or alterations in nucleolar
architecture can perturb cellular functions.

2. MATERIALS AND METHODS
2.1. Expression Constructs

SARS-CoV N protein was N-terminally tagged with ECFP, creating pECFP-SARS-
CoV-N. Briefly, the SARS-CoV N gene was amplified (from a clone containing the
SARS-CoV N gene-kindly provided by Dr. Maria Zambon) using gene-specific primers
to the 5” and 3’ 20 nucleotides of the SARS-CoV N gene, but incorporating 5’ restriction
enzyme sites (in the case of the forward primer this was BspEI and in the reverse primer
BamHI) and then TOPO cloned into pCR2.1 (Invitrogen). The insert was subcloned into
pECFPCI1 (Clontech) such that SARS-CoV N protein would be C-terminal and in frame
to ECFP. EGFP was added N-terminally to IBV N protein, creating pEGFP-IBV-N. The
cloning strategy was identical to that described for SARS-CoV N gene, except the
forward primer restriction site was BamHI and the reverse primer restriction site was
EcoRI. The gene was ligated into pEGFPC2 (Clontech), such that IBV N protein would
be C-terminal and in frame to EGFP. All clones were verified by sequencing and
expression of fusion proteins by Western blot (data not shown).

2.2. Meta-Confocal Microscopy

Confocal sections of fixed samples were captured on an LSM510 META microscope
(Carl Zeiss Ltd.) equipped with a 63x, NA 1.4, oil immersion lens. Pinholes were set to
allow optical sections of 1 um to be acquired. In singly transfected cells, ECFP was
excited with the 458-nm argon laser line running at 10%, and emission was collected
through a BP435-485 emission filter. EGFP was excited with the 488-nm argon laser
line running at 2%, and emission was collected through a LP505 filter. Propidium iodide
(PI) was excited with the helium:neon 543-nm laser line in all cases, and emission was
collected through a LP560 filter. Due to excitation of the EGFP molecule by the 458-nm
argon laser line, co-transfected samples were linearly unmixed using the META detector.
Lambda plots of EGFP and ECFP were generated from singly transfected reference
samples excited with the 458-nm argon laser line and collected with the META detector
between 461 and 536-nm, in 10.7-nm increments. These lambda plots were then utilized
to separate, or unmix, overlapping emission signal from co-transfected samples. Z-
sections of cells expressing EGFP, counterstained with PI, were generated by a two-step
methodology. Firstly, serial confocal sections of EGFP were acquired with the META
detector. PI was then collected as described using the same z-settings. Z-steps were
collected 0.5 um apart to allow over sampling of the data. The two sets of z-stacks were
then pseudo-coloured and merged using the ‘copy’ facility within the LSM510 META
software. Three-dimensional reconstruction and orthogonal views were also generated in
the LSM510 META software.
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3. RESULTS AND DISCUSSION
3.1. Expression of IBV N Protein and SARS-CoV Protein

Studying the nucleolar localisation of proteins can be problematic. Previous reports
raised the possibility that charged proteins could migrate through cells postfixation and
become localized to the nucleus and nucleolus.® Although in this instance the specific
example of VP22 has been challenged, the possibility arises that localization of
coronavirus N proteins to discrete subcellular structures could be an artifact of fixation
conditions. In addition, the successful detection of nucleolar proteins using antibodies can
be related to the concentration of the protein within the nucleolus, in that the nucleolus,
because of the high protein concentration, is not always amenable to antibody staining.’

To address these concerns and also to investigate the subcellular localization of
SARS-CoV N protein, we generated vectors that expressed fluorescent tagged SARS-
CoV and IBV N proteins and determined the subcellular localization of these proteins
first by live cell imagery, followed by fixation and confocal microscopy. SARS-CoV N
gene was cloned downstream of ECFP (from vector pECFPCI1, Clontech), creating vector
pECFP-SARSCoV-N, and IBV N gene was cloned downstream of EGFP (from vector
pEGFPC2, Clontech), creating pEGFP-IBV-N, and when expressed in cells, resulted in
fluorescent fusion proteins ECFP-SARS-CoV-N and EGFP-IBV-N, respectively.

Cos-7 cells were transfected with pPECFPC1, pEGFPC2, pEGFP-IBV-N or pECFP-
SARSCoV-N (the former two as controls), and imaged 24 hr later by live cell imaging
(Fig. 1a) or co-transfected with both pEGFP-IBV-N and pECFP-SARSCoV-N, fixed 24
hr post-transfection and analyzed by META-confocal microscopy (which unmixes ECFP
from EGFP (Fig. 1b).

Live cell imaging data indicated that both EGFP and ECFP, when expressed as
individual proteins, had no distinct distribution pattern and were present in both the
cytoplasm and nucleus but not nucleolus (Fig. 1A). However, EGFP tagged IBV N
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Figure 1. (A). Live cell imaging of cells expressing EGFP, ECFP, EGFP-IBV-N, and ECFP-SARS-CoV N
protein. (B) META-confocal image of the same cells co-expressing EGFP-IBV-N (indicated) and ECFP-SARS-
CoV N (indicated) protein; subnuclear structures are indicated by an arrow in these cells.
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protein localized to both the cytoplasm and nucleus while ECFP tagged SARS-CoV N
protein localized to the cytoplasm only. As ECFP tagged SARS-CoV N has a molecular
weight lower than the size exclusion limit for the nuclear pore complex, the lack of any
SARS-CoV N protein within the nucleus suggests this protein contains a cytoplasmic
retention signal. Because these images were taken from live cells, the localization of IBV
N protein to the nucleolus could not have been due to an artifact of fixation.

Confocal microscopy data (Fig. 1B) reflected the localization patterns observed
using live cell imaging. In contrast to EGFP-tagged IBV N protein, ECFP-tagged SARS-
CoV N protein localized to the cytoplasm and, in a minority of cells, to what appeared to
be a nuclear body (arrowed). Based upon morphology this structure cannot be identified
but it does not have the appearance of the nucleolus.

3.2. Three-Dimensional Reconstruction of the Nucleolus in IBV N-Expressing Cells
To investigate whether IBV N protein localized to a specific part of the nucleolus,

Cos-7 cells were transfected with pEGFP-IBV-N, fixed 24 hr post-transfection, stained
with PI to visualize the nucleus and nucleolus, then sectioned by confocal microscopy (Fig. 2).

Figure 2. META-confocal image showing sections (indicated in the top left-hand corner of each image) through
a Cos-7 cells expressing IBV N protein. The upper panel shows the distribution of IBV N protein and the lower
panel shows the same sections but showing the signal from PI, which highlights the nucleus and nucleolus.
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The data indicated that IBV N protein localized to a discrete area of the nucleolus.
For example, compare the distribution of IBV N protein to the PI stained nucleolus in
optical section 2.64 um (Fig. 2, arrows), N protein would appear to occupy less nucleolar
volume. To investigate this further, we utilized these Z-sections to construct a three-
dimensional representation focusing specially on the nuclear region of the cell (Fig. 3).
As can be observed, the volume taken up by IBV N protein in the nucleolus (Fig. 3A) is
less than total nucleolar volume (Fig. 3B). From this data we hypothesize that IBV N
protein localizes to the DFC but not the GC.

Figure 3. Three-dimensional reconstruction of a nucleus showing the distribution of IBV N protein (A) and the
total nucleolar volume (B). Images were reconstructed from the data shown in Fig. 2.
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In conclusion, our data demonstrate that IBV N protein localizes to the cytoplasm
and nucleolus and is not an artifact of fixation conditions. In contrast, SARS-CoV N
protein remains localized in the cytoplasm and does appear to cross the nuclear pore
complex, despite being below the size exclusion limit for entry into the nucleus. We
hypothesize that SARS-CoV N protein contains a dominant cytoplasmic retention motif.
META-confocal analysis and three-dimensional reconstructions of cells expressing IBV
N protein revealed that N protein does not localize throughout the nucleolus and may be
confined to the DFC.
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